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1. Introduction

Aesthetic aspects are playing an increasingly important role in
photovoltaics (PVs) due to the accelerated expansion of solar
power in urban and rural environments. The combination of
the large construction and PV markets offers great potential
for building-integrated PVs (BIPV).[1] Although various BIPV
products are available on the EU market (>200), their adoption

rate remains at 1%–3% of all PV installa-
tions. The vast majority of BIPV projects
(90%) use solutions which replace a single
component, e.g., the cladding of a building,
in a manner compatible with traditional
material solutions. The same is true for
the building design, which follows mainly
traditional architecture.[2] Camouflaged
BIPV solutions can help increase the adop-
tion rate of PV in urban environments.
Since aesthetics play a crucial role in the
adoption and acceptance, their optimiza-
tion is of importance.

In recent years, there have been strong
efforts to improve the color appearance
of PV modules. Comparisons of approaches
can be found in refs. [3,4]. According to
these references, the approximate ranges
of relative losses for the most relevant tech-
nologies are 8%–30% for printed glass,
6%–20% for colored encapsulants, and
4%–10% for interference coatings, includ-
ing MorphoColor.[5] For optical interference
filters that are directly implemented into the
cover glass, the influence of filter design fac-

tors, such as material composition, refractive index, and geometry,
on efficiency and color appearance parameters—including achiev-
able Lightness, Chroma, Hues, and angular color dependence—
has been studied in detail.[5–10] Further, simulation studies on
theoretically achievable efficiency limits and color appearance
for single- and multi-junction PVs have been made.[11,12] These
color filters are very promising as they allow for a saturated color
appearance, a high tolerance with respect to the viewing angle, low
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The significance of color aesthetics in photovoltaic (PV) modules gains impor-
tance, especially in design-centric applications like building-integrated PVs. Color
filters based on distributed Bragg reflectors, consisting of alternating thin-film
layers of different refractive indices, can modify the appearance of standard
silicon modules. This approach is also extended to optimize the color appearance
of emerging PV technologies such as perovskite solar cells, which typically exhibit
a less appealing gray–brownish appearance. In this contribution, perovskite
solar-cell stacks combined with MorphoColor color filters are presented. Angular-
resolved reflectance simulations based on wave optics and ray tracing with
experimental data are validated, and the color appearance from various viewing
angles is evaluated. Additionally, the impact of individual layers on color
appearance and the maximum achievable short-circuit current density in the
perovskite solar cell is investigated. By applying Bayesian optimization, the color
distance is minimized to the targeted appearance. Tailoring the bridging layers
between the color filter and the perovskite solar cell is found to strongly influence
the color impression due to the coherently combined color filter and perovskite
solar cell. The presented color optimization concept allows to customize the
aesthetics of emerging PV thin-film technologies such as perovskite solar cells.
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power conversion efficiency (PCE) losses, and fabrication on a
square-meter basis by sputtering[8,9] and recently also inkjet
printing.[13] In the field of emerging PV technologies, such as
perovskite solar cells, research on aesthetic appearance has only
recently started. The less appealing appearance of perovskite devi-
ces, which often exhibit a gray–purple–brownish color, requires
control of the aesthetics, especially for BIPV solutions.

Lately, various ways of coloring perovskite solar cells
were studied that can be classified in opaque and transparent
appearances, e.g., for colored windows. Heo et al. studied bifacial
colored perovskite solar cells using tunable transparent electro-
des.[14] Despite achieving reflectance fractions below 20% and
observing relative PCE losses ranging from 5% to 16%, the
resulting color exhibits low saturation, resulting in muted
Hues. Bae et al. studied colored opaque perovskite solar cells
using cholesteric helicoidal superstructures.[15] They report on
high PCEs and simple design and fabrication processes due
to the use of organic components and wet chemical processes.
However, its iridescent reflection results in limited color stability.
Angle-invariant color perception and precise control of color
appearance are achieved through inkjet-printed colorization of
perovskite solar cells, as shown by Eggers et al.[16] They report
not only bright colors but also 30% PCE loss compared to refer-
ence devices. Yoo et al.[17] followed an approach using nonperi-
odic SiO2/TiO2 multi-nanolayer filters on solar glass. Only
6%–10% reduction of PCE compared to the noncolored reference
and an increased photostability for the perovskite solar cell were
demonstrated, while creating highly saturated colors (i.e., red,
green blue) with high Lightness. By focusing on red, green,
and blue, we achieved remarkable PCE and long-term stability
in perovskite solar cells, with only a 6%–10% reduction in
PCE compared to noncolored references, alongside enhanced
photostability and the creation of highly saturated colors with
high Lightness. This is achieved through up to 45 layers and
stack heights up to 5.3 μm, which might lead to increased costs
and complexity in production. Further, the position of the layer
stack and lack of texturing result in highly anisotropic color
appearance with a clear Hue shift, which starts to appear between
20° and 30° viewing angle. A coloring technique for perovskite
solar cells that combines all advantages—low PCE losses, high
color saturation, high angular color stability, and the possibility
of fast, large-area production—is highly desirable.

In this study, we combine perovskite solar-cell stacks with a
commercially available MorphoColor[5] color filter on solar glass.
We validate the angular resolved reflectance simulations based
on wave optics and ray tracing with experimental data and ana-
lyze the color appearance from various viewing angles in terms of
Hue, Chroma, and Lightness. We study the impact of individual
layers on the color appearance and the maximum achievable
short-circuit current density in the perovskite solar cell. By apply-
ing Bayesian optimization, we minimize the distance in color
space to the targeted MorphoColor appearance. We particularly
investigate how bridging layers between the MorphoColor
color filter and the perovskite solar cell can be optimized with
respect to the color impression and angular color stability.
Finally, we present an optimized layer stack featuring both the
desired color appearance as well as an increased photocurrent
in the solar cell.

2. Optical Simulations and Validation

Figure 1 shows the layer stacks investigated in this work with the
respective color-coded layers as described in Table 1. In this
study, we consider the perovskite solar-cell layer stack as an
integrated part of the color filter design.

All layer stacks used for the simulations have the same
configuration from the top starting with an infinite layer of
air, followed by an antireflective coating and a back-textured
glass. Then, depending on the stack follows a perovskite solar
cell (Figure 1a), a MorphoColor color filter (Figure 1b) or a com-
bination of both with the perovskite solar cell deposited onto the
color filter layers without any further adaptions (PEROMORPHO
[PM], Figure 1c). The end of the stack is always an infinite layer of
ethylene vinyl acetate (EVA) sheet, which is a thermoplastic poly-
mer sheet that encapsulates solar cells. The outer infinite layers
ensure that the results are not distorted by unwanted boundary
effects.

The MorphoColor stack is composed of alternating silicon
nitride (SiN) and titanium dioxide (TiO2) layers and a silicon
oxide (SiO2) layer on top (MORPHO, Figure 1b). The solar-cell
stack (PERO, Figure 1a) starts with an indium tin oxide layer
(ITO, purple). The perovskite absorber is a double-cation/
double-halide perovskite with a composition of Cs0:2FA0:8

PbðBr0:1I0:9Þ3 and a bandgap of ≈1.68 eV. The perovskite layer
is followed by 23 nm of fullerence (C60) as electron-transport
layer, 8 nm of bathocuproine (BCP) as buffer layer, and by
100 nm of silver as metal back contact. The self-assembled mono-
layer as hole-transport layer was omitted in the simulations due
to its negligible influence on absorptance, as shown in ref. [18].
The perovskite solar-cell stack is based on ref. [19,20] and is used
for perovskite/silicon tandem solar cells. Details on the fabrica-
tion of the perovskite solar-cell layer stack can be found in
Section 5.1 and the characterization details in Section 5.2.

Figure 1d,f shows photographs of the three-layer stacks on a
black background in white diffuse light with the same viewing
conditions and the glass superstrate facing the camera. The
brownish Hue of the perovskite (see Figure 1e) is often consid-
ered as aesthetically unappealing. Figure 1f shows the combined
PM appearance without further adaptations. An undesired yellow
stain can be observed compared to the clear green appearance of
MORPHO. Figure 1g shows the SEM image of the PM stack with
the respective layers colored.

The optical simulations for the MorphoColor layer stacks were
performed with the MATLAB GenPro4 software,[21] which is an
optical model for solar-cell simulations with ray tracing for sur-
face textures and the net-radiation method. In the GenPro4 soft-
ware, the user can choose the type of coupling, that is coherent
and incoherent, for each layer. For crystalline-silicon-based PV
modules, the color filter is optically separated from the solar cell
due to a tall encapsulation layer. As a consequence, the propaga-
tion of light in between the MORPHO layer stack and the silicon
solar cell is treated incoherently. In contrast to conventional sili-
con based solar modules, perovskite solar cells can be deposited
directly on the PV cover glass. Consequently, the color filter and
the solar cell form one stack where the light propagates coher-
ently. As a further difference, the higher red/infrared reflectance
of perovskite solar cells can require an adapted design. However,
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the perovskite investigated in this study does not feature an
enhanced red reflectance. Figure 2a shows the schematics of
the light paths in the simulation. Light impinges from one inci-
dence interval, i.e., a solid angle range, and is reflected back into
all intervals of the space with respective reflectance values. More
details on optical simulations can be found in Section 5.3.

In the following, the simulated reflectance at the light path
directions is compared to the respective hemispherically inte-
grated reflectance measurements in Figure 2c,d.[22] Figure 2c
shows the simulation and experimental results of the Morpho-
Color stack in position 1 (terminology used in glazing industry
which numerates the interfaces, i.e., air–MorphoColor–glass).
The MORPHO stack is on the front side of the structured glass
and light is incident from above; thus, the light interacts with the
MorphoColor stack without traveling through the glass first.
The measurement procedure and data were published in
ref. [9]. The simulated reflectance follows the experimentally
obtained reflectance curve closely. The alignment of the charac-
teristic peak (between 500 and 550 nm) matches closely for view-
ing angles 8° and 60° but deviates slightly to smaller and larger

wavelengths for 40° and 20°, respectively. The minima of the sim-
ulated curves at shorter wavelengths are slightly underestimated
with respect to measured quantities. The mean bias error (MBE)
is 0.006, the root mean square error (RMSE) is 0.022, and the
mean absolute error (MAE) is 0.016 for all angle of incidence
(AOI) combined.

The results for the MORPHO stack layout (position 2, i.e., air–
glass–MorphoColor) are shown in Figure 2d; the experimental
data was obtained by in-house measurements and also compared
to its simulated pendant. Figure 2b shows the schematics of the
apparatus. The characterization procedure for the measurements
is described in Section 5.2. The results show very good agree-
ment of simulation and measurement for the peak positions.
The MBE is 0.001, the RMSE is 0.022, and the MAE is 0.016
for all AOIs combined. The global maxima are slightly overesti-
mated. This observation can be traced back to the model for the
layer thickness. The interference behavior depends on the angle
of incidence, which varies locally for a textured surface. The
superposition of all local reflectance spectra results in less pro-
nounced minima and maxima due to the phase shift induced by

(a) (b) (c) (g)

(d)
(e)

(f)

Figure 1. Layer stacks of a) a bare perovskite solar cell (“PERO”), b) a MorphoColor interference color layer stack (“MORPHO”), and c) a combination of
both by subsequent deposition (“PEROMORPHO”). d–f ) Photographs of the three-layer stacks on black background in the same viewing conditions of
white diffuse light with the glass superstrate facing the camera. g) An scanning electron microscope (SEM) image of a PEROMORPHO layer stack.
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inclined surfaces. This effect is combined with the conformal tex-
ture geometry model, which designs layer thicknesses normal to
the local surface following a cosine relation. The texture is sim-
ulated on the basis of a surface profile measurement. This effec-
tive thickness relation for incidence light under large AOIs is
overestimated since the realistic layer growth is a combination
of directed and isotrope growth behavior. The flanks of the
steeper structures are thus effectively thinner than in reality
which leads to stronger blueshifts of the local reflectance com-
pared to the planar surface. Taken together, these effects lead
to lower minima and maxima of the reflectance. The bulk glass
layer induces multiple interactions which result in various angle
of incidences and multiple wavelengths for the constructive
interference. As a consequence, the main peak is reduced
in height compared to the simulation, which overestimates the
peak height and underestimates the complexity of the multiple
interactions.

3. Color Optimization

As shown in Section 2, perovskite solar-cell stacks combined
with an unadapted MorphoColor filter do not exhibit the
same bright green color as the bare MorphoColor stack 1b.
Therefore, we performed optical simulations to optimize the
color impression of the perovskite solar cells. For this optimiza-
tion, we first need to define various color spaces and transforma-
tions. Appendix A1 provides formulas based on the definitions
of the International Commission on Illumination (CIE).[23]

The reflectance spectrum RðλÞ is weighted with the CIE 1931
XYZ color-matching functions (CMFs) and the D65 illumi-
nant to obtain the CIE XYZ color coordinates, comparing
Equation (A1)–(A4). The D65 illuminant represents standard
daylight conditions. These coordinates are then transformed
to CIE LCh coordinates for color appearance study, following

ref. [6]. The CIE Lab and its cylindrical version, CIE LChab,
describe color Lightness L, Chroma C, and Hue h. The CIE
ΔE�

00 measure quantifies color differences in just noticeable dif-
ferences (JND) and is defined in the CIE Lab color space, with its
main formula in Equation (1). For more details, see ref. [24].

ΔE�
00 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL0

kLSL

� �
2
þ ΔC0

kCSC

� �
2
þ ΔH0

kHSH

� �
2
þ RT

ΔC0

kCSC

ΔH0

kHSH

s

(1)

ΔL 0,ΔC 0, andΔH 0 are the differences in Luminance, Chroma,
and Hue obtained from two colors in CIE Lab space; SL, SC, and
SH are correct nonuniformities in CIE Lab; and kL, kC, and kH are
correct differences in color perception due to illumination.
Finally, RT mainly corrects the Hue and Chroma values in the
blue region. To display the color appearances on monitors,
printers, and Internet, the sRGB color space is used. These trans-
formations described earlier are implemented in the publicly
available Python library Colour Science.[25]

The optimization of the stack design is performed with a
Bayesian optimization method based on Gaussian process
surrogate models,[26] in a commercial implementation by
JCMwave GmbH. Bayesian optimization is especially suited
for this task due to the expensive forward problem (runtime
about 3min on server), its ability to optimize for a global solution
and handle complex problems with fewer evaluations. The details
of this optimization strategy will be described elsewhere.[27] In
short, Bayesian optimization constructs a statistical model for
the objective function (Equation (2)). The model predictions
are used to determine promising parameter samples that maxi-
mize, for example, the expected improvement over the best
design seen so far. Since the statistical model, typically a
Gaussian process, takes all previous function evaluations into
account, Bayesian optimization requires generally fewer

Table 1. Layer stack of PEROMORPHO structure (see Figure 1c) as used for simulations.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2024, 2400627 2400627 (4 of 13) © 2024 Wiley-VCH GmbH

 2367198x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400627 by C

hristiane B
ecker - H

elm
holtz-Z

entrum
 B

erlin Für , W
iley O

nline L
ibrary on [05/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


evaluations than many heuristic global optimization methods.[27]

The training of a Gaussian process with evaluations of the scalar
objective value D hides information about the composition of the
objective in terms of Lightness, Chroma, and Hue mismatches.
Therefore, we train a set of Gaussian processes directly on the
values ΔL0, SL, ΔC0, SC, ΔH0, SH, and RT for each angle θi.
Their prediction is then used to determine more accurate values
of the expected improvement and to further decrease the number
of required evaluations to find good designs.

Equation (2) shows the objective function for this optimiza-
tion, which is the sum over the color–distance measure described
in Equation (1) for two different color-filter stacks and a group of
viewing angles. This color distance measure is based on the CIE
uniform color space Lab and is widely used for color filter
design.[5,8] The color distances are calculated for the reference,
that is, only the simulated MorphoColor color filter, referenced
as MORPHO in Figure 1b, and the new proposed color filter
stack for a group of incidence angles. A cosine weighting factor
was introduced to reduce the influence of large incidence angles,

which can be suppressed due to their low Chroma and high
Lightness trend. The objective is to minimize the cosine-weighted
and angle-averaged perception distance D.

D ¼
X
i

cosðθiÞ ⋅ ΔE�
00,iðLabref ,i, Labref ,iÞ (2)

with θi the angle of incidence. Figure 3 illustrates the steps for
determining the objective in each iteration of the optimization.
The GenPro4 simulation is started for a set of layer parameter
samples and for a set of viewing angles. Figure 3a shows isotropic
illumination conditions with varying viewing angles dependent on
the angular binning of the simulation.While the figure shows only
eight bins, the number in the simulation was 90 with 1° step size.
For each simulation, first the reflectance spectrum (Figure 3b,
upper) is translated to CIE XYZ via the CMFs (Figure 3b, lower)
and further to CIE Lab and CIE LCh (Figure 3c). The objective
function is evaluated with the results and the process begins from
the start again.

SOLAR CELL

(a) (b)

(c) (d)

Figure 2. VALIDATION OF SIMULATIONS WITH REFLECTANCE MEASUREMENTS: a) Experimental setup of angle-resolved reflectance measurement
inside an integrating sphere using a rotatable center mount. b) Simulation setup for angular intensity distribution with incidence light interval.[22]

c) Measured hemispherically integrated reflectance spectra of MorphoColor from ref. [9] and data simulated with GenPro4 at incidence angles of
8°, 20°, 40°, and 60°. Layer stack shown on the right is on the front side of the structured glass (position 1) and light comes from above. Here, simulation
and experiment overlap and show only small deviations, i.e., the main peak of 40° and the dips from 400 to 500 nm. d) Same as (c) but the layer stack is on
the backside of the structured glass (position 2) and light comes from above. This layout is referred to as MORPHO, as shown in Figure 1b. Simulation
and experiment overlap and show only small deviations, i.e., the main peaks are overestimated and the dips slightly underestimated.
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Figure 4 shows the result of the optimization process. This
was selected after two separate optimization runs with 100 iter-
ations each. The optimized stack layout is shown in Figure 4a
and the respective layer heights in Figure 4b. The reflectance
of the combined PM stack was simulated to estimate its color
appearance. Figure 4c shows tiles with the estimated color
appearance of four different stacks, i.e., PERO, MORPHO,
PM as described in section Figure 1 and the “PEROMORPHO
optimized” stack as shown in 4a. The color appearance of PM
varies greatly from the MORPHO benchmark case. The color
appears brighter, but for viewing angles close to the surface nor-
mal (5°–30°), it appears tinted brown. Figure 4d,e validates these
observations, since the Lightness values are higher for the PM
case than for MORPHO or PERO. Further, while the Chroma
values are just slightly smaller for PM, a noticeable Hue shift
is observable. With increasing viewing angles, all tiles become
less saturated and brighter. In Figure 4d,e, the respective
Lightness, Hue, and Chroma values are shown. The higher over-
all reflectance at high angles of observation (AOO) results in less
pronounced reflectance peaks of the designed color. This leads to
reduced Chroma and higher Lightness values, while the Hue
remains stable.

To obtain a color appearance close to the original
MorphoColor, the following optimization was performed. The
thicknesses of the final two layers in the color filter (SiN2; SiO2)
were allowed to vary between 0 and 300 nm. The upper bound
was chosen around 50% larger than the previous highest layer
thickness and the lower bound so that omitting a layer is possi-
ble. The constraint has the purpose of reducing the parameter
space and thus enhancing the convergence to the minimum.
The choice to optimize only the last two layer thicknesses is based
on the estimation that the ITO layer has a similar refractive index
in the range from 400 to 700 nm as SiN2. As a consequence, the
ITO layer can be integrated into the color filter and the SiO2 layer
can be omitted. Figure 4c shows the color impression for the four

different stack layouts. Their respective coordinates in CIE LCh
space are shown in Figure 4d,e. The perovskite stack has a gray-
ish appearance with low Lightness and Chroma. The difference
in color appearance to 1d is due to the deterioration of the
perovskite, which leads a Hue shift. Combined with the original
MorphoColor stack, the appearance starts from a muted green–
brownish color and shifts to a bright green for larger AOO. The
result of the “PEROMORPHO optimized” stack is close to the
MORPHO stack’s color appearance. The chosen candidate from
the optimization process differs from the color filter as shown in
Table 1 as estimated. The thickness of the lowest SiN2 was
reduced from 142 to 91 nm, whereas the neighboring SiO2 layer
vanished completely (0 nm). Although the Lightness values are
slightly lower by 2–3 JND, the Chroma and Hue angles overlap.
This results in a slightly lower Lightness but very similar color
appearance. We explain these findings as follows: a standalone
MorphoColor color filter with air or a laminate (e.g., EVA) with
a respectively large layer height adjoining the color filter is con-
sidered a case of incoherent light coupling, where the closing
SiO2 layer of the filter has an antireflective effect. In contrast,
for a combined layer system, i.e., the color filter on glass com-
bined with a perovskite solar-cell layer stack, coherent light cou-
pling has to be taken into account. In this case, the bridging layer
SiO2 is found to have a detrimental effect to the designed color
appearance and was omitted. In addition, the optical similarities
of the now neighboring SiN2 layer of the color filter and the ITO
layer of the perovskite solar cell enable a reduction of the respec-
tive SiN2 layer height for optimum color appearance. The
GenPro4 software estimates the photoinduced current density
in the absorbing perovskite layer for the PERO stack with
Jph= 20.5mA cm�2. The PM stack reaches Jph= 18.5mA cm�2

and the “PEROMORPHO optimized” stack Jph= 19.6mA cm�2.
In relation to the PERO case without color filter, 90% and 96%
are achieved, respectively. Since the Lightness and Chroma quan-
tities have a quasi-linear relation with the relative loss, as shown

SOLAR CELL

(a)

(b) (c)

Figure 3. DETERMINATION OF THE OBJECTIVE FUNCTION: a) Schematics of isotropic illumination conditions and varying angles of observation
(AOO) and b) (upper) their reflectance spectra and (lower) CIE 1931 color-matching functions (CMFs) which are based on the optical response curves
of the human eye. The weighted integral of both curves in (b) and further transformations result in color coordinates with dimensions Lightness, Chroma,
and Hue. c) The Hue and Chroma representation over the course of 90° AOO. Further, the projected ΔE�00 color distance metric measuring the distance
between two points in this color space is depicted.
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in ref. [6], this behavior was expected and can be explained this
way. The objective function is thus considering the photoinduced
current density of the solar cell through the Chroma and
Lightness values of the CIE ΔE�

00,i metric. Further investigation
of the objective function definition is necessary with regard to
maximizing the current while minimizing the color difference.

We fabricated samples with the optimized layer stack geome-
try according to the outcome of the numerical simulation results

as shown in Figure 4b, and with perovskite solar-cell layer stacks
except the rear reflector. As the perovskite absorber layer of these
experimental samples was with ≈400 nm thinner then designed
leading to a reduced absorption of red light, we decided to replace
the rear reflector by a black light trap in the optical measure-
ments. Figure 5 shows a comparison of the simulated results
and experimental data. PERO, PM, and “PEROMORPHO
optimized” samples are shown in a photograph in Figure 5a

(a)

(d) (e)

(b) (c)

Figure 4. OPTIMIZATION RESULTS: a) final stack “PEROMORPHO optimized” and b) its layers of the color filter. c) Color impression, d) Lightness, and
e) Chroma and Hue for four different stack designs (perovskite solar-cell PERO, perovskite solar cell on unchanged MorphoColor PEROMORPHO,
perovskite solar cell on MorphoColor inspired color filter “PEROMORPHO optimized” and unchanged MorphoColor color filter on its own
MORPHO). Each color impression is shown for various viewing angles from the surface normal.
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and show a clear difference between PM and “PEROMORPHO
optimized”. While the non-optimized version of PM has a
yellow tinted color appearance compared to the bare MORPHO
as shown in Figure 1e, “PEROMORPHO optimized” has the
desired green appearance. The quantitative results of the color
analysis are shown in form of a Lightness comparison in
Figure 5b and a Hue and Chroma comparison in Figure 5c.
Both measured Lightness curves are higher than in the simula-
tions. The contrary is observed for the Chroma. The arcs of the

experimental data clearly show the designed Hue shift between
PM and “PEROMORPHO optimized”. Figure 5d shows the
respective reflectance spectra measured and simulated at
10° AOO. The main peak position at ≈550 nm is well met in
the experimental samples. A major difference between PM
and “PEROMORPHO optimized” can be observed concerning
the side peak at ≈650 nm. In both, experiments and simulations,
this side peak could be reduced by using the optimized stack.
Deviations between experimental and numerical results

(a)
(c)

(b)

(d) (e)

Figure 5. EXPERIMENTAL RESULTS: a) photographs of samples PERO, PEROMORPHO (PM), and “PEROMORPHO optimized” (PMo) in the same
viewing conditions of white diffuse light with the glass superstrate facing the camera; b) Lightness and c) Hue and Chroma for simulated MORPHO, PM,
and PMo for all viewing angles, and experimental data of PM and PMo from 10° to 50° in 10° steps; d) reflectance comparison of simulatedMORPHO and
PMo with experimental PM and PMo spectra at 10° AOO; and e) ΔE�

00 comparison of simulated MORPHO to simulated PM and PMo, including
experimental data.
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concerning Lightness and Chroma might stem from the devia-
tions in perovskite layer thickness and the missing remaining
rear reflector layers (C60, BCP, and Ag). However, the beneficial
impact of the optimization on Hue is experimentally clearly
shown.

Figure 5e compares the original MORPHO configuration with
both the simulated and experimental PM and “PEROMORPHO
optimized” data via theΔE�

00,i metric, which includes all three pre-
viously discussed properties Hue, Chroma, and Lightness. PM
reaches for AOO 1°–60° an average distance of ΔE�

00,i ¼ 11.5
in the simulations. In contrast, the simulated “PEROMORPHO
optimized” reaches for AOO 1°–60° an average distance of
ΔE�

00,i ¼ 2.8. From AOO 60°–90°, both ΔE�
00,i values approach

zero. The respective experimental values extracted from reflec-
tance spectra exhibit higher values, which can be attributed
to the deviations in Chroma and Lightness. But also here, the val-
ues for the “PEROMORPHO optimized” case are substantially
smaller than in the non-optimized case. The reflectance plots
and respective layer stacks are shown in Appendix A3.

4. Conclusion

We successfully adapted a MorphoColor color filter, which was
initially designed for use with silicon solar cells, to be compatible
with perovskite solar cells. By combining optical simulations and
Bayesian optimization techniques we adapted the bridging layers
between color filter and perovskite solar cell such that the
achieved color appearance matches closely the original appear-
ance. In numbers, for the angles of observation from 1° to
60°, the difference in color space ΔE�

00,i reduces from around
11.5–2.8 after optimization. For larger angles of observation from
60° to 90°, the difference ΔE�

00,i approaches zero. We validated
the numerical results by fabricating color filters featuring the
layer stack geometry resulting from the numerical optimization
and combining them with a perovskite solar-cell layer stack.
These optimized layer stacks show a color impression in terms
of Hue much closer to the original MorphoColor color filter than
the respective layer stacks without optimization. Further, the
optimizations allowed to reduce the relative photocurrent density
loss in the perovskite absorber layer induced by the color filter
from 10% to 4% showing the potential of including the perov-
skite solar cell as a functional part of the color filter design.
The design approach with net-radiation method, ray tracing,
and Bayesian optimization is promising for further simulations,
e.g., other textures, materials, and various color aims. The opti-
mization method presented in this manuscript can be applied to
all thin-film solar module designs, where the solar-cell stack is
directly deposited onto a glass substrate. Future work could be
the fabrication of the designed colorful perovskite solar cells with
a closely controlled fabrication of the designed layers. A next step
could include enhancement of the optimization method to choose
between a set of materials with different refractive index values for
each layer. This would generalize the optimizers’ ability to freely
inverse design color filters. Further steps could focus on number
of color filter layers and constraints about maximum total layer
thickness or minimum efficiency loss. Improvements would fur-
ther reduce manufacturing costs and boost energy yield.

5. Numerical and Experimental Methods

5.1. Device Fabrication

To fabricate the PM stack, 100 nm ITO were deposited on
MorphoColor by radio-frequency sputtering of a ceramic target
in argon/oxygen sputter gas mixture, with an oxygen concentra-
tion of 0.2%. For the planar reference, glass with patterned ITO
substrates was used. Then, [2-(9H-carbazol-9-yl)ethyl]phosphonic
acid 2PACz was spin-coated at 3000 rpm for 30 s onto the sub-
strates and annealed at 100 °C for 7min in a nitrogen-filled glove
box. Cs0:2FA0:8PbðBr0:1I0:9Þ3 perovskite layer (composition esti-
mated from rates) was evaporated using a CreaPhys PEROvap
tool in an nitrogen glove box with a base pressure of 2� 10�6

mbar and a shielding temperature of –25 °C surrounding the
evaporation sources. Deposition lasted for 94min. The substrates
were then annealed at 180 °C for 5min in nitrogen-filled glove box.
And, 18 nm of fullerence (C60) from ChreaPhys GmbH was used
as electron-transport layer, and 8 nm of BCP from Sigma Aldrich
was used as buffer layer. Both were then deposited via thermal
evaporation in base pressure of 1� 10�6 mbar. And, 100 nm of
Ag were then evaporated as a metal contact.

5.2. Characterization

Angle-resolved reflectance measurements were conducted with a
UV/visible/near-infrared spectrophotometer (Lambda 1050þ,
Perkin Elmer). The spectra were acquired using a center mount
sample holder, enabling center-axis rotation of samples within an
integrating sphere. Measurements started at 5° and 8° and then
continued in 10° increments from 10° to 70°. Each spectrum was
recorded in 5 nm increments ranging from 300 to 1300 nm.
Prior to measurement, adhesive black absorber sheets were
attached to the MorphoColor glasses using an index matching
liquid (IML 150, Norland). This configuration enables capturing
the front-side reflection characteristics without interference from
the backside interface. The backside of the absorber sheet was
attached with a white cleanroom cloth to minimize its absorption
within the integrating sphere.

5.3. Optical Simulations

The simulations were performed with the MATLAB GenPro4
software,[21] which implements the net-radiation method with
ray tracing for solar-cell simulation. GenPro4 can be set to dif-
ferentiate between two approaches depending on the material
thickness in comparison to the coherence length of sunlight
(≈1 μm). Thin coherent “coatings” account for interference while
incoherent “layers” do not. GenPro4 can simulate fully 3D tex-
tures with ray tracing but projects them into 2D angular intervals.
While coatings are treated conformally, i.e., with the same tex-
ture on the front- and backside, layers can have different textures
on their interfaces and are thus treated nonconformally. The sim-
ulated reflectance of a configuration is obtained and an example
is shown in Figure 3b. Following Equation (3), the photoinduced
current density Jph is estimated, which itself equals approxi-
mately the short-circuit current density Jsc, if the series resistance
is omitted and the charge carrier diffusion length is assumed infi-
nite. With λg as the bandgap wavelength of the perovskite, λmin the
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minimum wavelength of the simulation, AperoðλÞ as the absorption
in the perovskite layer, and IðλÞ as the AM1.5G standard solar irra-
diance spectrum, the photoinduced current density is

Jph ¼
Z

λg

λmin

qλ
hc

AperoðλÞIðλÞIQEðλÞdλ (3)

The reciprocity assumption was introduced since the simula-
tion of the inverted light path case, i.e., using the simulations with
light coming from one AOI direction (forward, Figure 2a) as the
AOO under diffuse illumination conditions (backward, Figure 3b),
did not obtain physically reasonable results. This was stated in
ref. [21] and is reproduced in this study. The origin of the lack
of reciprocity is assumed to be caused by the small-texture model
in combination with the 3D to 2D mapping, which works well for
the forward direction but is incomplete for this backward case.
This possible explanation is based on the observation, that intro-
ducing a textured surface strongly increases this effect. Figure A1
shows the forward and backward reflectance spectra for a planar
and a textured simulation.

Appendix

CMFs

Equation (A1)–(A4) with Equation (A4) form the XYZ tristimulus
values of the CIE XYZ color space. Hereby, the xðλÞ, yðλÞ, and zðλÞ
CMF is weighted by the reflectance RðλÞ and the illuminant SðλÞ.
We used the D65 illuminant spectrum (Wm�3) defined by CIE
and represents daylight conditions and the CIE 1931 2° observer
CMFs as shown in the bottom plot of Figure 3b.

X ¼ K
Z

830 nm

360 nm
RðλÞSðλÞxðλÞdλ (A1)

Y ¼ K
Z

830 nm

360 nm
RðλÞSðλÞyðλÞdλ (A2)

Z ¼ K
Z

830 nm

360 nm
RðλÞSðλÞzðλÞdλ (A3)

K ¼ 1R
830 nm
360 nm SðλÞyðλÞdλ (A4)

(a) (b)

(c) (d)

Figure A1. REPRODUCED LACK OF RECIPROCITY IN GenPro4: a,b) The angle of incidence (forward) and angle of observation (backward) direction for
the planar, not textured case. c,d) The textured case. In all cases, model “ray” was chosen with either a flat profile for the planar case or a textured profile
for the textured case.
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GenPro4: No Reciprocity for Small-Textured Surfaces

Figure A1 shows the reproduction of the lack of reciprocity for
textured surfaces in the GenPro4 model as mentioned in ref. [21].
Four reflectance plots are shown with either texture/planar and a

forward/backward direction. Physically reasonable forward solu-
tions are compared to the backward solutions, which show
diverging reflectance amplitudes. In addition to less smooth
curves, the peak positions and shapes are comparable to the
forward solutions.

(a) (b) (c)

(d) (e) (f)

Figure A2. Simulated hemispherically integrated reflectance spectra for PEROMORPHO and PEROMORPHO optimized stacks. a) PEROMORPHO
reflectance; b) stack; c) layer; d) PEROMORPHO optimized reflectance; e) optimized stack; and f ) layers.
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Results: PM and PM Optimized

Figure A2 shows the details of PM and optimized PM, their
stack layouts and reflectance curves. The red framed rows in
Figure A2 (f ) show the changed layer heights.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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